Zebrafish Hox genes are arranged in at least seven clusters, rather than the four clusters typical of vertebrates. This suggests that an additional genome duplication occurred on the fish lineage and explains why many gene families are typically about half the size in land vertebrates than they are in fish. Comparative developmental biology is experiencing something of a renaissance. One reason for this is the hope that our understanding of the relationship between genotype and phenotype will be improved by studying patterns of diversification, the origin of morphological novelties and the evolution of body plans. Particular hope has been pinned on the Hox genes, which appear to play pivotal roles in specifying the body plans of a wide range of metazoan species [1]. The Hox genes, which encode transcription factors, are arranged in genomic clusters that are strikingly colinear with their spatial and temporal expression patterns. Thus, at one end of a cluster are located the 'anterior' Hox genes, which are expressed earlier in development and more anteriorly along the main body axis, whereas at the other end of a cluster are the 'posterior' genes, which are switched on later in development and in more distal portions of the body.
Comparative developmental biology is experiencing something of a renaissance. One reason for this is the hope that our understanding of the relationship between genotype and phenotype will be improved by studying patterns of diversification, the origin of morphological novelties and the evolution of body plans. Particular hope has been pinned on the Hox genes, which appear to play pivotal roles in specifying the body plans of a wide range of metazoan species [1] . The Hox genes, which encode transcription factors, are arranged in genomic clusters that are strikingly colinear with their spatial and temporal expression patterns. Thus, at one end of a cluster are located the 'anterior' Hox genes, which are expressed earlier in development and more anteriorly along the main body axis, whereas at the other end of a cluster are the 'posterior' genes, which are switched on later in development and in more distal portions of the body.
It has been suggested that increasing complexity of body plans during evolution might be causally correlated with increasing complexity of the Hox complexes (see [2] for example). Invertebrates have only a single Hox gene complex, and the common ancestor of all chordates probably also had only a single cluster [3] . During the evolution of chordates from relatively simple cephalochordates such as Amphioxus (Figure 1 ) to more complex organisms such as mammals, the single ancestral Hox cluster was probably duplicated twice, giving the four Hox clusters (clusters A-D) seen in the human and mouse genomes. These duplications from one to two, and then from two to four, clusters probably occurred, not as tandem gene duplications but either as a result of individual chromosome duplications or, more likely, whole-genome duplications, as the clusters are each on different chromosomes. Mice and men both have 39 Hox genes in four clusters, and this was expected to be the typical Hox repertoire and arrangement for all vertebrates. But as we shall see, this is proving not to be the case.
It turns out that neither the number of Hox genes nor the number of Hox clusters is fixed among chordates. This was first shown by Aparicio et al. [4] , who found that the puffer fish Fugu has only 31 Hox genes -rather than the expected 39, typical of land vertebrates -arranged in four gene clusters. As Fugu has not only an unusually small genome, but also an almost aberrantly reduced morphology -it lacks several sets of fins and bones -the concomitant reduction in the number of Hox genes seemed to make some sense. It is, however, quite unclear whether the loss of Hox genes is in any way related to the secondary simplification and loss of some morphological structures [4] [5] [6] . And now the cosy view that vertebrates -both land vertebrates and fishes -all have four homologous Hox clusters [4, 7] has also been challenged [8, 9] .
Prince et al. [8] recently described 42 Hox genes from the zebrafish and suggested that they are arranged in six, rather than the expected four, clusters. Apparently, in the evolutionary lineage leading to zebrafish, some Hox gene clusters must have been duplicated to bring the total number to at least six, two more than had previously been found in any other vertebrate. Amores et al. [9] have now clarified this puzzling situation by their discovery of at least 48 Hox genes in the zebrafish, clustered in at least seven Hox gene complexes -three more than the typical vertebrate number of four. In this study, zebrafish genomic DNA was cloned in P1 artificial chromosomes (PACs) and Hox genes were amplified using the polymerase chain reaction (PCR) with degenerate primers. The amplified genes were then mapped to zebrafish chromosomes. The results may demand a reevaluation of ideas about the evolutionary link between complexity of body plans and complexity of genomic organization, and also provide a testable model for the evolutionary history of the chordate genome.
From their observations on the genomic organization of the zebrafish Hox gene clusters, Amores et al. [9] have developed a model for the evolution of the Hox complexes in vertebrates (outlined in Figure 1 ). This model is based on the shared presence of certain genes, and the assumption that genes can be lost independently but are much less likely to arise independently. The single ancestral Hox cluster architecture of the common ancestor of all chordates is composed of the full complement of 13 Hox genes, as well as genes such as evenskipped (Evx) that are linked to this Hox complex. This is the genomic architecture found in the living cephalochordate Amphioxus [3] (Figure 1 ). According to the scenario described by Amores et al. [9] , early in the evolution of vertebrates -at least 500 million years ago, before the evolution of jawless (agnathan) fishes -this single Hox cluster duplicated to form two clusters, AB and CD. Later in vertebrate evolution, but perhaps still before the last common ancestor of all jawed vertebrates arose more than 400 million years ago, these two clusters duplicated again, most likely through an entire genome duplication, to give the four clusters A, B, C and D (Figures 1,2) . The A and B clusters are derived from the ancestral AB cluster, and the C and D clusters from the hypothetical CD cluster. Such an evolutionary relationship among the four Hox clusters had been suggested before ( [10] for example), but it could not be firmly established prior to the new work on the zebrafish Hox clusters [9] , because of the lack of sufficient phylogenetically informative data [2, [11] [12] [13] .
Because the zebrafish seems to have at least seven, perhaps eight (A. Amores, personal communication), Hox clusters rather than the expected four, it is likely that an additional genome duplication took place along the lineage leading to teleost fishes ( Figure 1 ). This third genome duplication apparently occurred less than 360 million years ago, after the lineage leading to teleost fishes separated from that leading to coelacanths, lungfishes and land vertebrates [14] (Figures 1,2) . Species on our evolutionary branch, after the split from the common ancestor of the ray-finned fishes, are all likely to have Dispatch R211
Figure 1
A possible scheme for the evolution of the Hox gene clusters during vertebrate evolution that takes into account recent data on Hox gene organization in fish [4, [7] [8] [9] . Rectangles with crosses represent inferred gene losses. In the Fugu genome, HoxCα1 and HoxCα3 can be recognized but are only pseudogenes (white squares). The phylogenetic timing of cluster duplications and gene losses is indicated on the tree. Mya, million years ago.
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Hox genes) 12 It should be possible to test the veracity of this model, as well as the phylogenetic timing of the Hox cluster duplications, by comparative genomic analyses in the appropriate species. This will require, however, accurate knowledge of the phylogenetic relationships among fish lineages [11] . Several important evolutionary lineages that are not represented in Figure 1 may end up holding the key to testing this model (Figure 2 ). The hagfishes (Myxiniformes) and lampreys (Petromyzontiformes), which diverged early on from the main lineage leading to modern fish, are likely to prove particularly informative. There is still some controversy over whether hagfishes and lampreys form a monophyletic group [15] , so that they are likely to have the same number of Hox clusters, or do not (as illustrated in Figure 2 ), in which case it is possible at that the hagfishes have two or three clusters and the lampreys four.
The most basal of the living jawed fish, the cartilaginous fish (Chondrichthyes), branched off from the lineage leading to both modern bony fishes and the tetrapods before the most basal bony fish, the bichirs (Polypteriformes) and sturgeons (Acipenseriformes), branched off from the main lineage about 400 million years ago. These basal jawed fish might have a Hox cluster arrangement similar to the hypothetical one suggested in Figure 1 for an 'ancient ray-finned fish'. It should be noted that the phylogenetic position of bichirs is still uncertain; even a phylogenetic analysis based on an entire mitochondrial genome could not unequivocally place the bichirs with either the ray-finned fish or lobe-finned fish [16] , yet their phylogenetic position is crucial if we wish to understand the evolution of vertebrate structures, such as limbs, and genomes.
More derived fish than these, the bow fins and also the gars (Lepiseusteiformes), might have a genomic architecture similar to that found in all modern fishes, as illustrated for the 'teleost ancestor' in Figure 1 . Lungfish, probably our closest living relatives among the fish [14] , and the coelacanth (Latimeria) most likely will be found to have four clusters, as they branched off from the lineage leading to the tetrapods about 360 million years ago (Figure 2) [14, 17] . It is possible, though it does not seem likely, that four clusters have been lost since the first vertebrate crawled on land, in which case the lungfishes and coelacanths may be found to have more than four clusters, possibly eight.
The new data [9] suggest that Fugu might have more Hox genes than have been found before, and that what was first called the D cluster in Fugu is actually the Aα cluster (A. Amores, personal communication). If that were so, it would be likely that an orthologous D cluster will still be found in Fugu (Figure 1) . The high degree of variability among the Hox clusters even of such relatively closely related species such as zebrafish and Fugu, the common ancestor of which existed more recently than 200 million years ago, suggests that independent losses of Hox genes, and even entire Hox clusters, occurred in different lineages of fishes. This would raise the question of whether the patterns of Hox gene losses in different fish lineages tell us something about their function? It would seem oversimplistic, though not inconceivable, that losses of appendages -pelvic and pectoral fins have been lost repeatedly and independently in unrelated groups of fish, and the same is true of limbs in amniotes such as snakes and whales -are associated with different regulation or even losses of Hox genes. If this simple view is correct, we might be able to predict which Hox genes have been lost in which groups of fish on the basis of their phenotype.
From the available data, it would appear that losses of Hox genes and clusters have occurred at quite variable rates in different fish lineages. The zebrafish is likely to have lost only about two Hox genes since it diverged from its common ancestor with Fugu. Losses seem to have occurred at a significantly faster rate on the Fugu lineage, which apparently lost three entire clusters as well as three genes on the remaining clusters ( Figure 1) . Remarkably, the Hox clusters of the mouse might be differentiated from those of its last common ancestor with the pufferfish and the zebrafish by only three Hox gene losses, even though this last common ancestor lived about 360-400 million years ago (Figure 1) . It was recently suggested [18] that the apparent acceleration of genomic evolution and greater gene copy numbers in fish might be the result of a fish-specific genome duplication and be correlated with accelerated morphological evolution and speciation in fish [18] . Fish are the most successful group of vertebrates, comprising more than 20,000 species with vastly different morphologies, some of which could have arisen within very short evolutionary time spans [19] .
How do genomes evolve? The clustering of Hox genes might be conserved because of the requirement to keep Hox genes reasonably close to shared regulatory elements. The zebrafish data show, however, that cluster number can vary quite dramatically, and that losses of individual Hox genes within clusters are common. That genes and even pseudogenes are apparently maintained in genomes for long evolutionary time spans might suggest that there is less of a genomic cost to redundancy and to maintaining, and possibly 'recycling', genetic programs for different purposes [20] than one might have expected [21] . This propensity of genes to stick around in genomes might increase the evolutionary potential of evolutionary lineages, such as the fish lineage, to respond more quickly and flexibly to changing ecological situations [18] .
